We examine the production of magma reservoirs and neutral buoyancy zones (NBZs) on Venus and the implications of their development for the formation and evolution of volcanic landforms. The high atmospheric pressure on Venus reduces volatile exsolution and generally serves to inhibit the formation of NBZs and shallow magma reservoirs. For a range of common terrestrial magma volatile contents, magma ascending and erupting near or below mean planetary radius (MPR) should not stall at shallow magma reservoirs; such eruptions would be characterized by relatively high total volumes and effusion rates. For the same range of volatile contents at 2 km above MPR, about half of the cases result in direct ascent of magma to the surface and half in the production of neutral buoyancy zones. In general, neutral buoyancy zones and shallow magma reservoirs begin to appear as gas content increases and are nominally shallower on Venus than on Earth. For a fixed volatile content, NBZs become deeper with increasing elevation: over the range of elevations treated here (-1 km to +4.4 km) depths differ by a factor of 2-4. These analyses reveal several factors that may help to account for the low height of volcanoes on Venus. Larger primary reservoirs cause the wide dispersal of conduits building edifices. Models of the position of the shallow NBZ reservoir during edifice growth show that for Earth the magma chamber center remains at a constant depth below the growing edifice summit, thus keeping pace with the increasing elevation, while on Venus the chamber center becomes deeper relative to the summit of the growing edifice because of the major change in atmospheric pressure as a function of altitude. Therefore neutral buoyancy zones and magma reservoirs on Venus will remain in the prevolcano substrate longer and in many cases may not emerge into the edifice at all; the lower rate of vertical migration implies that magma reservoirs would tend to stabilize, undergo greater lateral growth, and become larger on Venus than Earth. The proportion of the available magma going into production of the edifice relative to that intruded into the substrate is smaller on Venus than Earth. Large reservoirs would encourage multiple and more widely dispersed source vents and large volumes for individual eruptions. In large reservoirs, positively buoyant materials are likely to be produced from differentiation, substrate remelting, and volatile exsolution. Nonbuoyant materials exsolving volatiles in a shallow reservoir will need higher gas bubble concentrations to produce eruptions than on Earth, and when this gas-enriched melt emerges at the surface, it is more likely to retain its bubbles than to undergo explosive disruption due to the high surface atmospheric pressure. Therefore there is the potential for the production of a range of erupted lavas that have very high gas bubble concentrations, leading to anomalous, more viscous theological properties. Inhibition of disruption of volatile-rich magma for both basaltic and more evolved compositions can lead to the production of (1) more bubble-rich, vesicular flows characterized by higher viscosity and greater thicknesses, the Venus equivalent of effusions that would have lost much of their volatiles in the fire-fountaining process on Earth (2), high-volume, high discharge rate extremely gas-rich basaltic effusions that increase viscosity considerably upon surface extrusion and produce domes whose volumes are considerably higher than their dense rock equivalent, and O) more evolved compositions that are gas rich but do not undergo disruption upon effusion, and produce domes and flows of high viscosity, the Venus equivalent of terrestrial ignimbdtes. On the basis of these analyses we predict that intrusions and dike emplacement should be common, particularly around both shallow and deep magma reservoirs, and the tops of dikes should be manifested as radial fractures. There should be a range of diameters of circular features associated with the presence of both shallow (NBZ-related) and deep (plumerelated) magma reservoirs. Large-volume lava outpourings should be favored at lower elevations, and shallow reservoirs and edifices should be more common at intermediate elevations; at the highest elevations, magma reservoirs are predicted to be large and relatively deep with low associated edifices. Direct ascent of magma where neutral buoyancy zones are unlikely (low elevations) and the propensity for relatively larger magma reservoirs on Venus when they do form, are both factors which will tend to favor high-volume eruptions, independent of variations in magma temperature or chemistry. Individual volcanic features should be interpreted in terms of regional geologic setting and the dynamics of elevation changes commonly associated with various scales of mantle processes and magma emplacement in order to assess global crustal growth processes on Venus.
INTRODUCTION
availability of high-resolution radar images of the surface [Campbell et al., 1989 [Campbell et al., , 1991 Aubele and Slyuta, 1990;  (PASSIVE)
Regional Extension (ACTIVE)
Crustal thinning, isotherm uplift, thermal uplift, range of mechanical properties of silicate rocks is such that any dike more than a few hundred meters in vertical extent which contains buoyant magma is likely to continue to fracture its host rocks indefinitely once it has begun to propagate upward [Lister, 1990a, b] . The propagation of buoyant dikes is therefore not greatly influenced by discontinuities in the mechanical properties of their host rocks at compositional boundaries. When the dike reaches a level of neutral buoyancy, however, the stress conditions change greatly [Rubin and Pollard, 1987] , and the dike is likely to be trapped at its upper and lower edges unless it has a vertical extent greater than several kilometers [Rubin and Pollard, 1987; Parfitt, 1991] . The trapping of large numbers of magma batches within a small region in this way can then lead to the accumulation of a substantial shallow magma reservoir [Ryan, 1987a] (Figure 3) . If a magma rising toward the surface of a planet contains a volatile having a pressure-dependent solubility, there are two critical pressure levels, and hence depths, through which the magma must pass (Figure 4 ). The first is the nucleation level, at which the local pressure is equal to the pressure at which the magma becomes saturated in the volatile. Provided that the atmospheric pressure is less than the nucleation pressure, volatile exsolution into bubbles will begin at some depth below the surface. The second critical level is the fragmentation level, at which the pressure decreases to the point where the expanding bubbles of exsolving gas occupy about 75% of the total magma volume: under these conditions, the magma will disrupt into a spray of released gas and entrained pyroclasts [Sparks, 1978] , and an explosive eruption will take place. [1986] showed that the atmospheric pressure on Venus is so high that the second critical condition critical condition will usually be met, and lavas erupted at the surface will be vesicular. This will still be true even if there is no water present in the magma.
Head and Wilson
The vesiculation of erupting volcanic melts is a major factor in controlling the bulk density of the near-surface layers of the country rocks in the region, which are formed predominantly from the cooled products of previous eruptions. Furthermore, as the volcanic pile grows, the density variation with depth is determined by the ways in which the surface layers compact and, on Earth at least, how they have their pore spaces infilled by secondary minerals. Inversion of seismic wave propagation data has allowed the variation of bulk density with depth to be determined in Hawaii [Hill, 1969; Zucca et al., 1982] and Iceland [Gudmundsson, 1987] , and similar density profiles are found in these two areas ( Figure 5 ). Several authors [Ryan, 1987a, b; Rubin and Pollard, 1987; Glazner and Ussler, 1988; Walker, 1989] have drawn attention to the fact that the density of typical basaltic melts, under the pressure conditions prevailing at depths of a few kilometers in volcanic zones, lie within the range covered by the bulk density of the country rocks. This impl.ies that at some particular depth below the surface the melt will have the same density as the country rocks, that is, will be neutrally buoyant (Figure 3 ). There is strong evidence that magma reservoirs in basaltic volcanoes evolve with their centers located at or very close to the depths of such zones of neutral magma buoyancy [Ryan, 1987a, b] .
In summary, there are three major elements in the ascent and emplacement of magma: (1) phase of ascending material: buoyant ascent of mantle materials in a variety of environments and their pressure-release partial melting produce primary reservoirs, while the subsequent migration and stalling of these partial melts produce secondary reservoirs at theological or density boundaries; (2) theological boundaries: these are important in determining the depth and geometry of buoyant rising mantle materials and their associated primary reservoirs (e.g., the effect of the viscous lid in flattening plume heads and the distribution of pressure-release melting), and in the determination of the mode of emplacement of magma bodies (e.g., those associated with regions of plastic deformation; mantle upwelling, plume and diapir formation, and pressure-release melting in the upper mantle (Figures 1 and 2) , and those associated with the outer, more nearly elastic regions, where brittle fracture and dike propagation are the primary mechanisms of magma transport (Figure 2) ); (3) density boundaries' these are important in forming neutral buoyancy traps and secondary reservoirs for ascending magma due to compositional differences (e.g., buoyant basalt magma trapped in less dense continental crust), phase differences (e.g., basaltic liquids less dense than solids of the same composition), and density differences due to degassing and weathering (e.g., the shallow density profile associated with vesicular basalt).
The actual configuration and evolution of magma bodies is a function of various combinations of these three factors. For example, on the Moon, magma ascent in the early stages of the emplacement of the lunar maria was stalled by a density boundary leading to a neutral buoyancy zone at the base of the anorthositic crust; with time, the Moon cooled and the lithosphere thickened sufficiently to cause the rising diapirs to be stalled at a theological trap at depths greater than the density trap [Head and Wilson, 1992 The conditions under which magma can leave a shallow reservoir located in a neutral buoyancy zone to form a dike (or sill) are controlled by factors similar to those which determine the propagation of an isolated intrusion, with the added complication that the previous stress history of the reservoir (including the effects of any physical or chemical evolution of the magma within it or additions of magma to it) determines the internal pressure of the magma in the new intrusion [Blake, 1981] . The commonest circumstance is one in which a new dike, having a finite extent above and below the level of neutral buoyancy, grows laterally from the reservoir [Rubin and Pollard, 1987; Dieterich, 1988] until the excess pressure in the reservoir-dike system falls to the point where it no longer causes fracture at the distal end of the dike. Normally, dikes propagating from magma reservoirs at neutral buoyancy levels should never actually reach the surface (Figure 3) . However, eruptions from such laterally propagating dikes will happen if some process occurs which either causes the elastic properties of the surrounding rocks to become very inhomogeneous [Parfitt, 1989 [Parfitt, , 1991 or allows the magma to become locally buoyant as a result of (1) gas exsolution [Jaupart and Vergniolle, 1988] or (2) loss of a dense component during fractional crystallization [Sparks et al., 1980] . The commonest result of a dike leaving a magma reservoir will therefore be to cause the reservoir to grow by a small amount laterally rather than vertically (Figure 3 ). Similar factors (decrease in density due to fractional crystallization, gas exsolution, and volatile enhancement [Tait et al., 1989; Trial and Spera, 1990 ] can lead to further vertical migration of magma from the magma reservoir at the neutral buoyancy zone, and to surface eruptions (Figure 3) .
The excessive overpressuring of a magma reservoir, perhaps occurring when regional or topographic stress changes inhibit lateral dike migration [Dieterich, 1988] , can lead to the failure of the overlying rocks in tension. Similarly, the discharge of an unusually large volume of magma from a reservoir can cause underpressuring of the chamber and compressional failure of the overlying country rocks [Druitt and Sparks, 1984] . In either case, the subsidence of the overlying rocks may then lead to the formation of a faultbounded caldera [Ryan et al., 1983] or, if the reservoir is relatively deep, some type of regional depression [Walker, 1984] .
These factors mean that the presence or absence of a shallow magma chamber within a volcanic edifice is a major indicator of the variation with depth of the density of the country rocks relative to the density of the magma and, specifically, of the presence or absence of a neutral buoyancy zone. These factors also serve to point out the rather delicate balance between atmospheric pressure, magma vesiculation, surface rock porosity and density, and the processes that increase the density of surface materials with depth. Taken together, they determine the morphological characteristics and evolution of magma reservoirs and volcanic edifices. Although these factors are relatively unvarying in the terrestrial subaerial environment, major differences in planetary environments [Wilson and Head, 1983] could influence the formation and evolution of reservoirs and edifices .
In section 3 we examine the ascent of magma through the crust of Venus where the surface environment is very different from that of the Earth [Head and Wilson, 1986 ].
ASCENT AND ERUfrI1ON OF MAGMAS THROUGH TIlE VENUS CRUST

Density Structure of the Venus Crust
Information on the composition of the Venus crust is derived from the determination of the elemental composition of surface materials by X ray and ), ray experiments on Venera and Vega lander spacecraft [Surkov et al., 1983 [Surkov et al., , 1984 [Surkov et al., , 1987 . The chemical composition of rocks from the lander sites generally resembles that of terrestrial basalts; for example, rocks at the Venera 14 site are similar to ocean floor tholeiites, and those at the Venera 13 site are similar to alkali basalts. The only major deviation from this theme is the analysis at the Venera 8 site, which has been interpreted to have a more intermediate composition [Nikolaeva, 1990] . We adopt a basaltic composition as typical of the Venus crust, and we assume that the majority of the crust is secondary [Taylor, 1989; , derived from the partial melting of mantle peridotires [Hess and Head, 1990 ].
The density of basaltic rock at subsolidus temperatures is in principle a function of pressure, but the compressibility of solid basalts is so small [Stolper et al., 1981 ] that this dependance can be neglected at depths less than ~100 km (pressures less than ~2.5 GPa) in the lithosphere of Venus. However, a critical factor which very significantly affects the variation of density with depth is the possibility of a pressuredependent phase change from basalt to granulite or eclogite: examples of the consequences of such changes are shown in Figure 6a . The depth at which melting of any of these possible components will occur [Hess and Head, 1990 ] depends on the value adopted for the geotherm on Venus. Values are likely to lie in the range 10-25 K/km [Solomon and Head, 1990] . Using this range, the densities of the melts can be calculated, and these densities are also shown in Figure 6b . On the basis of these considerations, we now proceed to assess several models for the ascent of magma on Venus under different conditions.
Model 1: Ascent of Volatile-Free Magma in Unmodified
Crust
If no factors intervened to modify the densities of the crust and of any melts rising through it, then the melts of basaltic or granulitic parent materials would always be less dense than their solid equivalents and would thus be positively buoyant at all depths between their source regions and the surface ( Figure  6b ). If there were no volatile exsolution to produce vesicular low-density surface layers, and if there were minimal surface weathering to decrease the density of near-surface layers, there would be little possibility of neutral buoyancy zones existing, and shallow magma reservoirs would not be expected to form. In this situation, magma would proceed directly to the surface from depth, and its volume would be dictated by conditions at depth and during ascent, with large-volume eruptions being favored [Head and Wilson, 1991a, b) . However, there is evidence from the images obtained by the Venera lander spacecraft and other data that the surface of Venus is slightly modified by weathering processes, and this must effect the density structure of the crust. We explore the significance of this, and also the consequences of possible volatile release from ascending melts, in sections 3.3-3.5. kg/m 3 with porosities estimated at 50-60%. We assume that the 2800 kg/m 3 value is typical of some surfaces and that surface densities in the uppermost layers may be as low as 1200 kg/m3 due to weathering or vesiculation of the uppermost parts of lava flow units. If we assume that new surface materials are modified by whatever processes cause the reduction in density as fast as they are emplaced, then a characteristic density profile will evolve in which the influence of the lower surface density decreases with increasing depth as the pore spaces close up with increasing pressure. This process is similar to that which occurs in volcanic regions on Earth, where the vesicularity of newly erupted materials decreases as they are progressively buried by later eruption products and compacted under increasing pressure [e.g., Ryan, 1987b] . Differences in the near-surface environment on Venus and Earth could lead to some differences in the mechanisms and rates for pore space closure. We know of no major factors that would preferentially influence pore space closure on Venus; the elevated surface temperature in the upper crust of Venus may influence the rate of closure but should not alter the general profile. We now use information on the variation of country rock density with depth in volcanic regions on Earth as a model for the compaction process on Venus.
Model 2: Control by
The density variations with depth deduced from seismic wave velocity data for Hawaii and Iceland ( Figure 5 ) are commonly expressed in terms of a simple two-layer model, in which the bulk density increases abruptly from 2300 kg/m3 to 2900 kg/m 3 at a depth of 2-3 km. Most authors using these data [e.g., Rubin and Pollard, 1987] retain the two-layer representation for simplicity. However, for our analysis we require a more detailed model in which the country rock bulk density Pc(h) is a continuous function of the depth h below the surface. We derive this model by assuming that the compaction of void space is a function only of the ambient pressure. Specifically, the fractional void space V is assumed to decrease exponentially with increasing pressure P so that: 
Noting that any change in pressure dP due to a change in depth dh will be determined by the basic differential relation dP --Pc g dh, where g is the acceleration due to gravity; (1), (2), and (3) can be manipulated to give, on integration: When magrnas rise directly to the surface from a deep source zone, the magma erupted on the surface in any one event will not be buffered by the properties of a shallow reservoir but will instead be controlled by conditions in the region of melt formation. The factors which control the amount of magma that can accumulate in the vicinity of a region of partial melting are not well understood. It is known that the rate of separation of melt from the residual solid matrix can be very high [McKenzie, 1987] , but the sizes and shapes of the melt bodies formed by the segregation process, and their rate of migration toward the planetary surface, depend in a complex way on the material properties of the overlying rocks [Shaw, 1980; Spera, 1980; Marsh, 1984; Richter and McKenzie, 1984; Scott and Stevenson, 1986; Sleep, 1988] . Size and shape are linked in that an equant, diapirlike body will conserve its internal heat more efficiently than a dikelike body, but will rise slowly as the surroundings deform in a plastic fashion; a narrow, dikelike body will cool relatively quickly but will also migrate faster via brittle failure of the country rocks [Marsh, 1984] 3.5. Model 3: Control by Volatile Exsolution 3.5.1. Crustal density model. We next consider the possibility that basaltic magmas on Venus contain at least some volatiles. Clearly, the exsolution of volatiles can only act to reduce the density of an ascending melt in the scenarios described for models 1 and 2. Thus volatile exsolution would make the presence of neutral buoyancy zones even more unlikely under the conditions of these models. Nevertheless, the exsolution of volatiles may hold the key to allowing magma reservoirs to exist in the crust and in volcanic edifices on Venus. For example, if even a small amount of magma containing sufficient volatiles can erupt at the surface, a vesicular lava will be formed which may have a bulk density much less than the 2800 kg/m 3 used in model 2, and more similar to the values interpreted from the mechanical properties experiments at Venera 13 and 14 [Basilevsky et al., 1985] . Further eruptions will then build up a volcanic pile (edifice or thicker crust) in which the buried flows compact under the overlying weight, and a profile of increasing density with depth evolves in which the densities are everywhere less than the model 2 values. The ability of subsequent batches of melt, though buoyant in their source zone, to reach the surface then depends on the difference between the rate at which the density of the melt decreases upward due to volatile exsolution and the rate at which the density of the country rock layers decreases upward due to the nature of the compaction process. These density profiles will be different for two reasons: (1) because the silicate phase in what has become the country rock will be solid rather than liquid, and hence denser and (2) because the compression under loading of the fixed mass of the gas phase in the new country rock will differ from the decompression of the gas phase in the rising magma, where the gas mass increases as exsolution occurs. We show below that trapping at reported values is about 0.2-0.4 wt % [Lofgren et al., 1981], with a plausible average of about 0.3 wt %. The solubility of SO 2 in basalts is less well known than, but similar to, that of CO 2, and so its influence can best be accomodated by raising the CO 2 limit to 0.7 wt %.
We now calculate the amounts of H20 and CO 2 that would be exsolved by a magma reaching the surface of Venus and deduce the consequences for the bulk density of the surface rocks that it forms on cooling. Let the pressure-dependent solubilities of CO 2 and H20 in basaltic magma be Ndc and N dw, respectively, the values being given in weight percent. Wilson and Head [1981] found that the following expressions adequately represent most experimental data: Ndc = 2.3 x 10 -9 (P/Pa)
and Ndw = 6.8 x 10 -6 (P/Pa) 0.7.
neutral buoyancy levels can indeed occur in this way. The amounts of these volatiles exsolved at any given pressure,
To gain some idea of the density profiles which might Nec and New, respectively, are then given by evolve from the compaction of vesicular lavas, we assume that basaltic melts on Venus can contain CO 2 and H20 in amounts Nec = Ntc-Ndc, respectively. In the present case we identify • with Psurf and (implying surface void fractions from 0.05 to 0.259). When set p = P oo = 3000 kg/m 3, the compacted density of the country the influence of up to 1.0 wt % H20 is also included, densities rock; this is because although we are dealing with the as low as 1155 kg/m3 (implying up to 61% void space, and exsolution of gas from the magma, it is the bulk density of the closely approaching the conditions under which firerock formed on solidification that we require.
fountaining activity would be expected to occur) are reached at
Because of the large influence of the Venus surface the lowest surface pressure levels and highest H20 contents. atmospheric pressure on gas solubility, calculations were The values of volatile contents presented in Table 1 The range of values listed in Table 1 These assertions about vertical growth assume, however, that the stress conditions in and around the reservoir would be such as to allow dikes to propagate from its upper boundary to the surface and to grow downward from its lower boundary. This is by no means a trivial assumption, since several factors can act to inhibit the vertical propagation of dikes from shallow reservoirs [Parfitt, 1991] . In particular, the vertical variation of the stress difference across the wall of a magma reservoir is such that a smaller excess magma pressure is needed to fracture the chamber wall at the neutral buoyancy level than above or below it [Wilson and Head, 1990] . The difference between the excess pressure required at the center and at the upper or lower edges increases as the vertical reservoir extent increases. This enhances the chance of a growing reservoir being enlarged laterally rather than vertically, thus eventually limiting the vertical growth.
Different elevations: We next explore the consequences of (1) changing the elevation of the eruption site and (2) allowing the magma to contain appreciable amounts of water. Table 4 time, and the lavas of Lakshmi Planum extruded at that lower densities. This trend is especially important if the edifice elevation and subsided and accumulated to depths of several grows sufficiently quickly so that isostatic compensation of kilometers, then the center line of the magma reservoir should the load is negligible. Thus each successive eruption occurs lie at a depth of about 3-8 km below the surface. onto a surface on which the atmospheric pressure load decreases Changing elevations with time--Edifice growth: A more with time as the volcano grows. The vesicularity and bulk likely case would be the dynamic evolution of a volcanic density of erupted materials change steadily, as does their edifice where the addition of flow units increases the elevation response to subsequent loading. This process can be simulated of the summit, changing the atmospheric pressure at which the by our modeling approach but requires numerical evaluation of magmas reach the surface, and producing successive flows with the fate of each erupted layer. We have grown a series of model (Table 4a ). Addition of 0.5 wt % H20 (Table 4a) volcanoes on Venus and Earth starting from country rock density profiles such as those shown in Table 3 for a range of initial surface elevations and magma volatile contents. Figures  10a-10d show a series of examples of the evolution of the depth to the magma reservoir as a volcano grows with time.
The time-averaged mass eruption rate per unit area is the same for all the models, that is, the same dense rock equivalent of erupting magma is added to the pile in each time step, and the density and corresponding thickness of the erupted lava equivalent to this, which depends on the volatile content and the atmospheric pressure, are computed and added. The actual dense rock equivalent thickness used is that applicable to Kilauea volcano, about 3 mm per year, corresponding to the estimated dense rock equivalent volume flux of 0.017 km2/yr [Crisp, 1984] over the -5000 km 2 area of the volcano. Figure   10e summarizes the key evolutionary points.
In the Earth case (Figure 10a : Psurf= 0.1 MPa; CO 2 = 0.40 wt %; H20 = 0.7 wt %), initially the neutral buoyancy zone and magma reservoir are centered at about 3 lcm depth below the surface. As the magma begins to extrude to the surface, the volcano grows vertically, and due to the small absolute variation in atmospheric pressure in the lower part of the Earth's atmosphere, the density structure of the upper part of the volcano does not change appreciably. This means that the neutral buoyancy zone remains at essentially the same depth below the surface at all times and therefore migrates vertically at the same rate as the growing volcano summit. Thus, when the volcano summit reaches 3 km in height, the centerline of the reservoir will just be at the initial land surface. As the volcano grows to higher elevations, the magma reservoir will be largely within the edifice itself. At the end of the simulation the edifice height is about 8. Each of these Venus examples (Figures 10a and 10b) assumes that the new edifice is initiated on a substrate of volcanic plains that has accumulated over time with its upper surface maintained, by subsidence, at the starting elevation of the new surface. We also present the same two cases where the magma erupts onto a substrate produced with no volatile exsolution and thus having no initial neutral buoyancy zone below the surface (Figure 10c-10d buoyant all the way to the surface (Table 3) . If thermal and dynamic uplift raised the altitude of the substrate to 2 km (Figure 13a ), then rising magmas would initially not stall at a neutral buoyancy zone (substrate has the same density profile as when it was produced at MPR) but would produce less dense surface eruption deposits that would quickly lead to the formation of a neutral buoyancy zone at the edifice-substrate contact. During the growth of the edifice to 2.4 km elevation (Figure 13a ), the reservoir remains at the edifice-substrate contact. If the edifice then subsides 1.4 km (so that the summit of the 2.4 km high edifice is at 3.0 km above MPR), the edifice height must grow to 6 km before the reservoir begins to migrate upward from the volcano-substrate contact. In the second example (Figure 13b ), the volatile content in lavas forming the substrate (0.35 wt % CO2 and 0.0 wt % H20 ) is sufficient to produce a vesicular substrate but not a neutral buoyancy zone or magma reservoir. When this substrate is uplifted, and an edifice (formed from lavas with the same volatile content) grows and subsides, the neutral buoyancy zone and reservoir form and stabilize slightly below the edifice-substrate interface. When subsidence occurs, the reservoir will migrate upward slowly.
In the third example (Figure 13c) , uplift, growth, and subsidence of an edifice on a substrate built of material with a similar volatile content (0.40 wt % CO 2 and 0.70 wt % H20 ) yields a neutral buoyancy zone at the same level as that in the prevolcano substrate (slightly less than 5 km depth) and produces an edifice whose NBZ is initially at the same level as that of the prevolcano substrate. This is because the reservoir is deep enough so that it is not measurably influenced by the change in elevation caused by the uplift, except in terms of the decrease in density of each subsequent layer added onto the edifice during its growth. This then causes the reservoir depth to increase. When subsidence occurs, the rate of increase in reservoir depth changes slightly. Consider now the relationship between surface elevation and reservoir depth using the example illustrated in Figure 13b A sequence of thermal uplift and subsidence is to be expected during the formation of magma reservoirs in virtually all volcanic environments (Figures 1 and 2) , and this will influence the location of the neutral buoyancy zone and the evolution of the magma reservoir (Figure 13 ). In the first example (Figure 13a ), the effect of uplift is dramatic, causing the initiation and growth and evolution of a reservoir at the volcano-substrate interface. However, the likelihood of magmas containing no volatiles is so small that this should not commonly occur. Instead, more likely scenarios are illustrated by Figures 13b and 13c , in which the magma source (and thus volatile content) does not change appreciably from preuplift to uplift stages. In Figure 13c , where there are sufficient volatiles in the substrate eruptions to produce a NBZ and reservoir, differences in reservoir location and evolution caused by uplift and subsidence will be minimized. A more interesting example is that of Figure 13b , in which magmas with commonly occurring terrestrial volatile contents will produce a vesicular substrate but no NBZ or reservoir. Uplift will then cause a neutral buoyancy zone and reservoir to form below the substrate where none existed before, and the newly formed reservoir will tend to deepen with time. This evolution might result in an edifice characterized by initial large-volume, long flows (no shallow reservoir), followed by smallervolume, shorter flows and a caldera (shallow reservoir), followed by less frequent larger-volume flows as the depth of the reservoir increased.
MODELING RESLILTS AND IMPLICATIONS FOR MAGMATIC AND VOLCANIC PROCESSES: DISCUSSION AND CONCLUSIONS
On the basis of these considerations concerning the formation and evolution of neutral buoyancy zones and magma a 10 Wilson, 1986], we outline and discuss some potentially Melts will rise more slowly (rates in the range of 1 m/yr to significant factors for volcanic processes and landforms. We 1000 m/yr [Marsh and Kantha, 1978] but with greater thermal begin at depth and proceed toward surface deposits and edifices. efficiency (i.e., less cooling per unit volume of magma) if they ascend as far as possible as diapirs rather than dikes [Marsh, 1984] . Diapirs may arise from instabilities at the core-mantle boundary or within the mantle, and they will consist of a large bulbous head followed by a narrower feeder conduit, or tail [Olsen and Nam, 1986; Richards et al., 1989] (Figures I and 2) . On Earth, the diameter of plume heads from plumes originating at the core-mantle boundary is predicted to be about 1000 km [Griffiths and ]. Approach of the bulbous head to the base of the near-surface viscous lid (the lithosphere) will cause thermal and dynamic uplift of the surface, flattening of the plume head (perhaps to as much as 2000 km diameter), and large amounts of pressure-release melting, producing a largevolume magma reservoir (Figure 2) . On Venus, melting will occur at depths of 100 km or less depending on the temperature of the plume and the thermal structure [Hess and Head, 1990] . As the plume continues to rise and flatten, magma in the large reservoir is overpressurized, first by continued pressure-release melting, then by the arrival of the basal part of the flattened head, and then by the continuing arrival of magma from the central feeder conduit.
As diapirs or plumes stall at a theological boundaries (Figures 1 and 2) , melts must then ascend as dikes in the shallower, more brittle region overlying the plume (Figure 3) . In dikes, melts will ascend at speeds of a few centimeters to several meters per second depending on the dike width. The greatest chance of melts reaching the surface without excessive cooling will then occur if they travel in relatively wide dikes [Delaney and Pollard, 1982; Delaney, 1987; Bruce and Huppert, 1989] , and this circumstance will automatically imply the existence of relatively high stresses at the level of dike initiation [Pollard, 1987] , which in turn will lead to high pressure gradients driving the magma motion. In the case of dikes generated over plumes, variations in the temperature, composition, and amount of mixing [Elliot et al., 1991] 
Environments Without Magma Density Traps
On the Moon, the highland crust is less dense than both the underlying mantle and partial melts derived from the mantle. Therefore a chemical density trap exists at the base of the lunar crust [Solomon, 1975] . Models for the Venus crust and mantle (see summary by ) suggest that such chemical density traps, where melts rising buoyantly from sources in the mantle would become neutrally buoyant, are not likely to be common or globally distributed on Venus. The crust of Venus is likely to be predominantly basaltic in composition and, although its density will be less than that of the underlying mantle, it will still exceed the density of ascending basaltic melts. Near-surface physical density traps caused by weathering processes (creation of extensive deposits of chemically weathered, physically sorted, low-density soil and rock units) are also unlikely because of the low observed levels of activity of weathering and sedimentation processes. Volatile-free magmas rising through a Venus crust produced from volatile-free eruptions should therefore always migrate all the way to the surface. The only exception to this rule is if dike widths are small and propagation is halted by excessive cooling. The exsolution of small amounts of volatiles in magma rising through a crust produced from volatile-free eruptions further reduces the density of the melts and enhances their likelihood of producing a surface eruption. For a significant range of volatile contents (<0.35-0.40 wt % CO2; Tables 3 and 4) for eruptions near and below mean planetary radius (the vast majority of the planet), neutral bouyancy zones would not be expected to form at all, and magmas should emerge directly to the surface without pausing at a shallow magma reservoir! In these cases, large-volume eruptions and deposits would be expected, and the intrusion-to-extrusion ratio would be low.
Production and depth of magma density traps on Venus
A mechanism for creating physical density traps for rising magmas does exist if a volcanic edifice (or province) evolves by the repeated eruption of magmas which exsolve more than a certain minimum amount of volatiles. The presence of volatiles in magmas on Venus at first sight acts to exacerbate the circumstances outlined above, since gas exsolution only renders magmas more buoyant. However, gas exsolution in rising magmas will lead to the formation of vesicular volcanic materials at the surface. If a volcanic edifice (or a volcanic province) evolves by the repeated eruption of similarly vesicular melts, the self-compression of the rising pile will produce a density profile which is different from that of the ascending melts (Table 3) . This is partly because the silicate phase in what has become the country rock will be solid rather than liquid, and hence denser, and partly because the compression of the fixed mass of the gas phase under loading will be different from the decompression of the gas phase in the rising magma, where the gas mass increases as exsolution occurs.
Because of the high atmospheric pressure at the surface of Venus, magma disruption into pyroclasts occurs only when magma volatile contents are very high [Head and Wilson, 1986 ]; however some vesiculation will still occur in an erupting lava on Venus at quite low volatile contents ( Figure  7) . The implied rarity of explosive activity means that there will be a much more nearly single-valued relationship between magma volatile content and the bulk density of eruptives than on planets such as Earth which have lower atmospheric pressures, where the repacking of pyroclastic materials leads to a relatively narrow range of possible final densities for a wide range of initial volatile contents. Therefore over a range of combinations of magma volatile species and contents, and surface atmospheric pressure levels (which strongly influence the bulk density of erupted volcanics; see Table 1) , density traps at depths of a few to several kilometers can evolve in growing volcanic piles on Venus (Table 4; Figures 8 and 9) . The depths to these density traps increase systematically with increasing magma volatile content and with decreasing surface pressure (i.e., increasing elevation of the vent) . Furthermore, the minimum volatile content required to allow a trap to form at all decreases with decreasing surface pressure.
Therefore for a relatively low volatile content (e.g., <0.35 wt % CO2) a density trap would not be produced for intrusions/eruptions that occurred in the lowland planitiae (near mean planetary radius and below) but would be produced for sequences that were emplaced in the tessera or the uplands of Lakshmi Planurn (>2 km above MPR). For a magma volatile content sufficiently high to form a reservoir at the high atmospheric pressures of the lowland planitiae, an even greater amount of volatiles would be exsolved for events that occurred in the uplands of Lakshmi Planurn, and the density trap would be at greater depths there (Figure 9 ). For a density trap produced as part of a growing volcanic edifice where magma volatile content is constant, the increasing elevation of the edifice with time means that more gas exsolution will take place for successive eruptions at higher altitudes, and thus the magma density trap will migrate to greater depths relative to surface elevation as a function of time ( 
Formation of Magma Reservoirs
In addition to magma reservoirs formed by pressure-release melting at the tops of ascending plumes, the density traps that form in growing volcanic piles (e.g., vertically accreting crusts) act. as sites around which magma reservoirs can accumulate, extending both upward and downward from the neutral buoyancy level (Figure 8) . The vertical extent of the zone that can potentially be occupied by a magma reservoir increases as the depth to its center increases, in such a way that its upper boundary approaches the planetary surface. Once a neutral buoyancy zone is formed, dike intrusions into this zone, repeated at a rate sufficiently high so that successive dikes do not solidify, will lead to the formation of a magma reservoir. static and constant altitude crustal formation environment). If the vertical accretion of crust is not compensated for by subsidence, then there will be a regional change in altitude (and thus surface atmospheric pressure, density of extrusives, and reservoir depth) as crust is added, and the reservoir will increase in depth with time (the static and changing altitude crustal formation environment). In some cases the surface will be uplifted or undergo subsidence by thermal or tectonic forces, placing the upper crustal profile in a new surface atmospheric environment (the dynamic crustal formation environment; Figure 13 ). In this latter case, uplift will cause the magma reservoir to deepen, while subsidence will cause it to shallow.
In principle, if the record of the depth and evolution of magma reservoirs can be read with sufficient accuracy, these different environments could be deconvolved from the Venus geologic record and thus could be keys to the tectonic and thermal evolution of various regions.
Migration of Magma Reservoirs in an Edifice
The dynamic evolution of a volcanic edifice, especially if it grows quickly so that isostatic compensation of the load is negligible, is different from Earth. Successive eruptions occur onto a surface on which the atmospheric pressure load decreases significantly with time as the volcano grows. The bulk density of erupted materials, and hence their response to subsequent loading, changes steadily. This process was simulated by our modeling approach. When the density structure is calculated systematically during the dynamic growth of a specific volcanic edifice, making the assumption that no subsidence takes place, it is found (Figure 10 ) that the depth to the magma reservoir increases with time (relative to evolving surface elevation). This means that, in absolute terms, the reservoir migrates upward slowly through the original crust on which the edifice is being built, eventually entering the base of the edifice if its height exceeds about 2-3 kin. Since many edifices on Venus appear to be at or below this height [Roberts and Head, 1990a 
Two Crustal Growth Environments and Implications for Magma Reservoir Evolution
For a constant magma volatile inventory, the depth below the local surface at which a magma reservoir will form is greater at higher surface elevations (lower atmospheric pressures) on Venus ( Figure 9 ; Table 4 ). This result strictly applies in this form only when the atmospheric pressure remains constant during the evolution of the characteristic density structure within the volcanic pile, which would require subsidence of the evolving structure at exactly the same rate that it formed (the
Growth and Evolution of Magma Reservoirs on Venus
Magma reservoirs grow by the the addition of magma ascending vertically from depth at a sufficiently high rate that the individual magma pulses (e.g., in the form of dikes, or magma pulses arriving along the tail of a plume) do not cool much prior to the arrival of the next batch of magma. If the rate is high enough that this condition prevails, then the reservoir will undergo net volume growth. This volume growth can be accomodated by both lateral and vertical growth. In the case of plume-related pressure-release melting reservoirs, lateral and In addition, magma reservoirs grow and migrate vertically by changes in the density structure of the magma in the reservoir (and subsequent vertical propagation of dikes to cause summit eruptions) and by vertical migration of the actual neutral buoyancy level itself. On Earth, the constant depth below the surface of the neutral buoyancy zone means that the reservoir is continually undergoing vertical migration. On Venus, however, the rate of vertical migration is lower because the increasing height (decreasing atmospheric pressure) causes increased gas release, lowering the density of extrusives and driving the neutral buoyancy zone relatively deeper. This would imply that for a given magma supply rate, magma reservoirs would tend to stabilize and grow to a much larger size on Venus than Earth (Figures 10 and 12) .
Magma may migrate vertically from a neutral buoyancy zone on Venus through processes associated with decrease in density. These processes may include differentiation and volatile exsolution. Various differentiation processes can decrease density and cause vertical migration of magmas from the reservoir. In situ processes [Trial and Spera, 1990] place, the bulk density would be 760 kg/m3, and the ratio of gas volume to liquid volume in the erupting lavas would be very close to 3:1 (bubble volume fraction of 75%). The 3:1 gas:liquid ratio is the point at which bubbles cannot be packed more closely and at which explosive disruption of magmatic foams into released gas and pyroclastic fragments normally takes place. In order to reach the 3:1 gas:liquid ratio at which bubble close packing occurs in the magma reservoir itself, there would have to be a 64-fold increase in gas bubble concentration. Therefore volatile exsolution and enhancement is an important mechanism to cause vertical ascent of magma from the reservoir and surface eruptions contributing to edifice buildup.
Consequences of the Eruption of Vesicular Magma
The increases in bubble concentration in the upper part of the reservoir mentioned above, however, are probably not uncommon, and eruptions resulting from these types of buildups may lead to surface features with relatively unusual properties (see discussion in section 5). When the magma reaches the surface, it will flow out as an extremely gas-rich (vesicular) lava flow which, when solidified, would have the physical properties of extremely low density, highly vesicular materials such as pumice or reticulite. Such flows will also be very glassy on the surface because of the relatively more rapid initial surface cooling [Head and Wilson, 1986] ; at high temperatures, heat transfer across the bubbles by radiation will be a very important process. As the gas-rich magma rises and emerges to the surface, the extremely high bubble content will also affect the viscosity. Although small quantities of deformable gas bubbles in a magmatic liquid can decrease its bulk viscosity, at high bubble concentrations liquid migration within the magma will be difficult because the liquid must travel along the thin interbubble walls. In addition, the bubbles will have difficulty moving relative to one another, and these two factors can readily cause a 100-fold increase in the viscosity of the fluid [Kraynik, 1988; Jaupert and Vergniolle, 1989 ]. This 2 order of magnitude higher viscosity could result in surface morphology on edifices of basaltic composition that would be comparable to those seen on flows whose high viscosity is due to a more silicic composition.
An additional implication of the high vesicularity of the erupted material is that the volume of magmatic liquid contained in the flows will be only about one quarter of the bulk volume. ]. In any case, using the estimates of Blake [1981] for the relationship between the volume of extruded magmas to the volume of the magma reservoir, the volumes of the observed domes imply relatively large magma reservoirs, with equivalent volume sphere radii in the range of about 7-10 km. These reservoir volumes may not be unusually large for Venus. It is clearly plausible to produce eruptions of lavas of large volume and apparent high viscosity that are comparable in composition to basalts with common terrestrial volatile contents. The basic physical properties of the Venus domes may be due simply to enhanced bubble concentration in shallow magma reservoirs and the influence of the atmosphere on gas exsolution on the surface of Venus.
In summary, the Venus environment should modify the eruption of gas-containing magma and the production of associated landforms in several ways: (1) lava flows: high atmospheric pressure inhibits gas exsolution and disruption and fire fountaining. Thus moderate volume, moderate discharge rate basaltic eruptions that would produce fire fountains on Earth will not produce them on Venus but should produce more vesicular flows than their terrestrial counterparts over a wide range of volatile contents (Figure 7) . Resulting flows will be more viscous due to their increased bubble content and thus should be thicker and flow more slowly. (2) High-volume, high discharge rate, gas-rich basaltic magmas can produce large-volume, high-viscosity flows particularly if gas content is enhanced in the magma reservoir, as outlined above. This setting combines the low viscosity of the basaltic magma during ascent (to insure large volumes and high discharge rates) with the high viscosity of the flow (due to the extremely high bubble content) as it emerges from the vent, to produce the large-volume, apparently high-viscosity steepsided dome features (additional study by B. Pavri et al. (Steepsided domes on Venus: Characteristics, geologic setting, and eruption conditions from Magellan data, submitted to Journal of Geophysical Research, 1991)). (3) High-volume, high discharge rate, gas-rich magmas of more evolved composition are also plausible on Venus [Hess and Head, 1990] . In this case, magma disruption on Earth would result in the formation of an ignimbrite. On Venus, inhibition of exsolution could result in the same type of eruption becoming a steep-sided dome; however, the magma would be of initially higher viscosity, and thus its effusion rate might be lower than in the basaltic case.
Magma Reservoir Sizes and Caldera Formation and
Characteristics on Venus
Calderas form by (1) the evacuation of magma reservoirs through the intrusive or extrusive loss of magma and (2) the solidification and sagging of magma reservoirs [Walker, 1988] . The process is manifested by the formation of concentric brittle fractures and subsidence craters or by broader sagging and topographic depressions [Walker, 1984] . Several factors related to magma reservoir and edifice growth on Venus (e.g., presence of mantle plumes, less gas exsolution, slow vertical migration of reservoir, conditions more favorable to horizontal rather than vertical dike emplacement, increased reservoir depths with high elevation, etc.) indicate that the actual characteristics of calderas and their sizes should be significantly different from those on Earth for both shallow and deep reservoirs (Figures 1-3 and 12) . On Earth, reservoir depth keeps pace with edifice growth. Reservoir size and shallow depth means that caldera formation will involve a set of features dominated by shallow brittle fractures. Calderas on Earth are generally less than about 20 km diameter and are commonly less than 10 km diameter in basaltic shields [Pike, 1978] . On Venus, reservoirs will tend to be much larger and relatively deeper, and thus calderas may be much larger as well. For reservoirs at high elevations, the greater depth to the reservoir will mean that a greater concentration of volatiles must occur in the reservoir to trigger eruptions to the surface, and so a higher ratio of intrusive to extmsive volcanics should generally be expected in high elevation areas on Venus. The spatial scales of calderas should be greater in these areas, and the surface deformation patterns associated with reservoir volume changes should be different; the relatively greater distance between the neutral buoyancy level and the surface implies that larger volume reservoirs can exist and that larger absolute volume changes may occur [Blake, 1981; Parfitt and Head, submitted manuscript, 1991) . On the basis of our analysis, we would predict that calderas on Venus would be larger than those associated with basaltic volcanic edifices on Earth and that deep reservoirs occurring at high elevations may show evidence of sagging linked to their large size and associated ductile deformation in their evolution.
Principles of volcano growth on Venus
On the basis of the characteristics of magma ascent and eruption and formation and evolution of magma density traps I-lEAD AND WILSON: NEUTRAL BUOYANCY ZONES ON VENUS and reservoirs on Venus, we can outline some of the implications of these factors for volcano growth. In addition, we can try to account for some of the distinctive aspects of Venus volcanoes (e.g., low height, large width, presence of very large calderas, and presence of calderas, circular structures, and depressions with associated volcanism but without substantial edifices, etc.).
No neutral buoyancy zone. If there is no NBZ,
there is no shallow staging area for subsequent small-volume flows which will feed edifice growth. Batches of magma with relatively high volumes will emerge directly to the surface and result in large outpourings which flow over a wide area and do not readily build up a discrete edifice, a situation similar to that on the Moon . This would be most likely to occur on Venus at the lowest elevations where surface atmospheric pressure is highest. This is in contrast to the common situation on Earth, where magma stalls at a NBZ and forms a shallow magma reservoir. In this case (e.g., Hawaii), smaller batches of magma erupt vertically to the surface to produce short flows or migrate laterally to produce dike intrusions and subsequent extrusions in rift zones, both of which encourage edifice buildup.
4.10.2. NBZ present in crust (not edifice), inhibited vertical migration, limited lateral edifice growth by dike intrusion. Where neutral buoyancy zones and magma reservoirs develop on Venus, they will tend to form in the crust underlying the site of the volcano, not in the edifice itself. The higher the gas content of the magma and/or the lower the atmospheric pressure, the greater will be the depth to the neutral buoyancy zone. In addition, neutral buoyancy zones migrate vertically relatively slowly and thus tend to stabilize at a certain depth range rather than migrating proportionally with the upper part of the edifice as is the case in many terrestrial examples such as Hawaii. One implication of this is that the deeper magma reservoirs will likely grow to a much greater size on Venus than on Earth; rather than dikes rising to the level of the vertically migrating chamber, more and more dikes will intrude into a stable chamber, thus increasing its size. The presence of a reservoir acts as a thermal "staging post" for rising magmas and allows eruptions to occur with smaller volumes of magma and at lower effusion rates than in cases where the magma must ascend directly from the source region to the surface. However, it is not trivial for surface eruptions to occur, since fresh magma entering the reservoir is by def'mition negatively buoyant relative to the rocks over most of the distance between the reservoir and the surface. Also, the stress state in the rocks surrounding a reservoir is such that lateral propagation of intrusive dikes rather than fracturing of the roof is the most likely response of the system to influx of new magma from depth [Wilson and Head, 1990] . Therefore a second implication is that when magma is intruded into the larger, subedifice reservoir, chamber overpressurization will most likely result in dike emplacement laterally into an area of equal density structure. Thus, radial fractures or zones of fractures should be observed in the country rock surrounding edifices (Parfitt and Head, submitted manuscript, 1991). The magma reservoir will then tend to have a larger lateral growth rate than vertical growth rate. This process will effectively remove one of the important contributors to edifice growth by favoring lateral reservoir growth and confining lateral dike emplacement largely to the subedifice bedrock (Figure 12) .
At this stage, the volcano itself can grow only by vertical evolution (the vertical rise of magmas from the NBZ and their extrusion out to the surface or their extrusion from laterally propagating dikes reaching the surface and erupting). Surface eruptions from shallow reservoirs almost certainly involve the concentration of volatiles into the upper parts of the reservoir [Tait et al., 1989 ], both to provide the stress distribution which allows vertical dike propagation [e.g., Rubin and Pollard, 1987] and to drive the magma through vertical fractures [Wilson and Head, 1981] . A consequence of these factors is that, although eruptive activity from an existing magma reservoir may cease if a systematic reduction of magma volatile contents occurs during the evolution of a volcanic edifice or province, intrusive activity will continue as long as magma is available and may produce distinctive patterns of surface deformation.
Although vertical ascent from the magma reservoir can happen owing to volatile buildup and differentiation (both factors leading to less dense magmas), the high surface atmospheric pressure on Venus should generally further inhibit gas exsolution and buildup and thus further limit the vertical ascent of magma and the vertical growth of the volcano. In summary, these factors will cause Venus volcanoes (1) to grow more in a lateral sense than in a vertical sense and (2) There are three sources of growth for volcanic edifices: (1) vertical growth involving ascent of magma into the edifice to pause at the neutral buoyancy zone (NBZ); (2) vertical growth involving the ascent of magma from the neutral buoyancy zone to the summit by enhancement of buoyancy; and (3) horizontal growth by dike propagation radially (or preferentially along rift zones) from the reservoir at the neutral buoyancy zone within the edifice. On the basis of this analysis, we find that none of these three sources of edifice growth are as effective on Venus as they are on Earth. On Venus, the vertical migration of the NBZ is inhibited ( Figure 10) ; this is an important difference relative to the Earth, where the NBZ keeps pace with the edifice growth. This means that on Venus the NBZ and the magma reservoir remain in the crust (not the edifice) longer (and thus contribute less topography to the edifice) and that the reservoir grows larger. This will increase the intrusion-to-extrusion ratio and decrease the edifice/reservoir ratio relative to the Earth.
Lateral dike intrusion becomes more important, and it occurs primarily in the substrate, not in the edifice. Since the NBZ, and thus the reservoir, is largely in the crust, the dike intrusions are too, and they will often create radial fractures on the surface but not add to the volume of the edifice except where they emerge to the surface to produce flank eruptions.
The large-scale and lateral extent of the primary and secondary reservoirs may also serve to defoeus the centralized ascent of magma. This will mean that vents will be more abundant and widely distributed, favoring the production of broad low shields with multiple source vents, rather than single large edifices. In addition, large reservoirs favor large-volume individual eruptions [Blake, 1981] , and these eruptions would form long flows that would contribute less to the vertical component (height) of edifice growth and more to the lateral component (width). High surface pressure can inhibit gas exsolution and vertical magma migration from the shallower parts of a NBZ. This will limit the formation of a large number of small-volume flows required to build edifice height. The presence of the larger magma reservoir will also give rise to more subsidence linked to magma solidification and resulting loading and flexure [Walker, 1989] .
A major part of the evolution of Hawaiian volcanoes is related to the gravitational collapse of the volcano and the megaslumping of the flanks along deep listric faults [Swanson et al., 1976; Fornari and Campbell, 1987] . Gravitational collapse of edifices on Venus will not be as marked due to their limited vertical extent, and this means that the geometry of edifice growth will likely be different on Venus, where edifice forces will not have as much of an effect. On Venus, the major forces will be related to the evolution of the magma reservoir (not the edifice), and to the propagation of dikes away from this (Parfitt and Head, submitted manuscript, 1991).
Dynamic Evolution of Substrates and Implication for Magma Reservoir Formation and Evolution
Thermal and dynamic uplift and subsidence will have an influence on the depth of the neutral buoyancy zone and the evolution of the magma reservoir, with uplift generally driving the reservoir to greater depths and subsidence causing it to shallow (Figure 13 ). The most distinctive changes occur where uplift is sufficient to initiate the formation of a NBZ and reservoir, where there was not one previously. Calderas or paterae: These features, located both on the summits of shields and in the plains at various elevations, are similar in morphology to terrestrial basaltic volcano calderas but are usually much larger. They are clearly often linked to the presence of both deep and shallow reservoirs (Figures 1 and 2) . In the case of Sir Mons for example [Campbell et [Barsukov et al., 1986; Stofan and Head, 1990; Pronin and Stofan, 1990 ]. In the context of the models discussed here, the larger coronae appear to be related to the head of a rising mantle plume flattening against a viscous lid [Campbell and Griffiths, 1990] , causing thermal and dynamic uplift, and undergoing pressure-release melting to create a large, laterally extensive magma reservoir (Figures 1  and 2 ). Smaller coronae may represent the tails of larger plumes or the surface manifestation of smaller plumes. They may also represent collection of magma at neutral buoyancy zones independently of, or above, plumes stalled at a theological boundary (Figures 2 and 3) . Magmas erupted from plume heads on Venus could range from tholeiites to Mg-rich tholeiites, and those derived from the hotter plume core and tail could be picrites or komatiites, depending on the Venus thermal structure and temperature of the plumes [Hess and Head, 1990] .
IMPLICATIONS FOR INTERPRETATION OF STRUCrURES
Occasionally, coronalike features consist of an inner and outer annulus Figure 13 ), and these cases may represent stages in the evolution of a single plume (Figures 1 and 2) or a combination of a larger plume structure at depth and a shallower neutral buoyancy zone reservoir (Figures  2 and 3) . In the case of the smaller coronae and coronaelike features, the smaller scale is consistent with the large reservoirs predicted by neutral buoyancy zone formation and evolution. In addition, radial fracture patterns and linear riftlike zones are commonly associated with these features [Barsukov et al., 1986; Stofan and Head, 1990; Pronin and Stofan, 1990; Campbell et al., 1991] , and these can be easily understood as the surface manifestation of dikes that should be extremely common products of magma reservoirs on Venus ( 
